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Abstract 

NASA transmission research is oriented either 
ta advance the state-of-the-art ir mechanical power 
transfer technology or to add to the fundamental 
body of knowledge belonging to bearings, gears, 
ly&r^cat ion, rol 1 mg*element fatigue, life pre- 
diction, traction phenomena, and mechanical power 
transfer, Transmissions studied for application 
to helicopters in addition to the more conventional 
geared transmissions include hybrid (traction/ 
gear), beanngless planetary, and split torque 
transmiss ions. Research is being performed to es- 
tablish the validity of analysis and computer codes 
developed to predict the performance, efficiency, 
life, and reliability of these transmissions. Re- 
sults of this research should provide the transmis- 
sion designer with analytical tools to design for 
minimum weight and noise with maximum life and ef* 
flciency. In addition, the advantages and limita- 
tions of new and novel drive systems as well as the 
more conventional systems will be defined. 

Introduction 

The helicopter, more than any other contempor- 
ary aerospace or industrial innovation, has placed 
severe performance demands on power transmission 
components such as bearings and gears. Well- 
designed mechanical components, good materials, and 
lubrication systems which are integrated into hel- 
icopter drive train systems can make the difference 
between a helicopter's reliable, economic operation 
and failure. 

It has long been a requirement to provide 
technology to obtain long-life, efficient, light- 
weight, and compact mechanical power transmissions 
that are also low-cost and quiet for both commer- 
cial and military helicopter applications. In gen- 
eral, current state-of-the-art transmission systems 
are disturbingly noisy to the pilot and passengers. 
The maintenance rate on these transmission systems 
is high. The time between overhaul (TBO) and mean 
time between failures (MTBF ) on present-day heli- 
copters is much lower than that required for eco- 
nomical commercial operation. The helicopter drive 
system is generally heavier than desired [1]. 

The realization of technological improvements 
for future helicopter drive systems can only be ob- 
tained through advanced research and development. 
Hence, NASA transmission research is oriented 
either to advance the state-of-the-art in mechani- 
cal power transfer technology or to add to the 
fundamental body of knowledge belonging to near- 
ings* gears, lubrication, rolling-element fatigue, 
life prediction, traction phenomena, and mechanical 
power transfer fl}* A considerable Amount of work 
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is required to establish the validity of analysis 
and computer codes developed to predict the per- 
formance, efficiency, life, and reliability of 
transmission systems. 

Relatively new concepts may be reqyirtd to 
achieve significant technological advances. NAnA 
transmissions studied for application to helicop- 
ters in addition to the more conventional gear* d 
transmissions include hybrid (traction/gear) l/ Jf 
bearingless planetary [3], and split torque trans- 
missions [4]. 

The NASA Lewis Research Center in cooperation 
with the U.5. Army Aviation Research and Develop- 
ment Command's Propulsion Laboratory devised a com- 
prehensive helicopter transmission technology re- 
search program beginning October 1977 [1 j. This 
paper reviews the results of this research and its 
probable effects on helicopter transmission design. 

Gears 

Life and Reliability 

A reliability model for the compound planetary 
gear train (Fig. 1) has been derived for use in the 
probabilistic design of this type of transmission 
[5,6]. This gear train has the ring gear fixed, 
the sun gear as input, and the planet, carrier as 
output. The input and output shafts are assumed 
to be coaxial with the applied torques and each 
other; no side or moment loading is considered. 

The reliability model is based on the relia- 
bility models of the bearing [7,8] and gear mesh 
components [9-11] which are two dimensional Weibull 
distributions of reliability as a function of life. 
The transmission's 90-percent reliability life and 
basic dynamic capacity are presented in terms of 
input sun rotations and torque (Fig. 2), Due to 
the different Weibull distributions vor the bearing 
and gearing components, the Weibull model for the 
planetary transmission is an approximate model. 

This model Includes the transmission** 90~pereent 
reliability life, Weibull exponent, basic dynamic 
capacity, and load-life exponent. The life and 
reliability model allows the designer to obtain 
both qualitative and quantitative comparisons be- 
tween transmission designs and applications. For 
an example, the analysis shows that due to the na- 
ture of the component life distributions, reducing 
the loading in the transmission make* the bearings 
more important in the life characteristics of the 
transmission* Increasing tht loading makes the sun 
gear life more important in th# overall life dis- 
tribution of the transmission* |n addition, adding 
a fourth planet gear more than doubles the life of 
the transmission [6]. 
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Spur Gear Design 

The design procedure for designing gear sets 
as shown in Figs. 3 and 4 so they will have a min- 
imum center distance was developed [12,13]. A 
minimum center distance design will be lighter 
weight, which is critical in aircraft appl ications* 
Another advantage is that smaller gears will have 
less noise due to the smaller pitch line veloci- 
ties. 

The derivation of the design procedure iden- 
tified a two-dimensional design space whose coor- 
dinates are number of teeth and diametral pitch. 
Constraint boundaries for pitting, scoring, and 
bending fatigue failure, as well as the geometric 
constraint of involute interference were identified 
es shown in Fig. 5. The region of acceptable de- 
sign choices is labelled in the upper left of the 
design space. Lines of constant slope throigh the 
origin represent the locus of points in the design 
space for which the center distance is constant. 

The slope of the line represents center distance; 
the smaller the slope, the smaller the center dis- 
tance. The minimum sized gear design would then 
be a gear with diametral pitch and number of teeth 
which correspond to point A on the plot. 

A design approach sometimes found in gear 
handbooks is to use the interference limit and the 
tooth bending strength limit to define the "best" 
design* This gives point B in the design space. 

This point will give a smaller gear set than point 
A but it is not a balanced design since it ignores 
the pitting and scoring problems that will be en- 
countered in service. 

The procedure was expanded to include the ef- 
fect of nonstandard unequal addenda gearing shown 
in Fig. 6 [14], Unequal addenda gearing makes it 
possible to r* re the size (number of teeth) for 
the same ratio standard gears without running 

into kinematic interference. Unequal addenda gear- 
ing is shown in Fig. 6. 

Conventional practice holds that unequal ad- 
dendum geometry is better than standard geometry 
because the short addendum pinion teeth are 
stronger in bending fatigue than the smaller stand- 
ard teeth. The research results show that for 
minimum center distance gear sets (which meet the 
design limits on strength and kinematic interfer- 
ence) there is no appreciable size reduction. The 
results apply in general, since geometric similar- 
ity and strength similitude are maintained for the 
dimensionless result. The critical factor in siz- 
ing is the Hertzian contact stress. 

This research clarifies the main attributes 
Of long and short addendum gearing and extends work 
on minimum center distance gearing. 

A comprehensive method was developed for the 
design of spur gears with improved efficiency over 
the full range of gear operating conditions {16}. 
Previously available methods were intended to pro- 
vide an estimate of only full load efficiency. The 
new method was then utilized to show the effects 
of spur gear size, pitch, ratio, lubricant viscos- 


ity, face width, pitch-line-velocity, and load ef- 
ficiency. 

Fig. 7 shows the effect of given * : ear diam- 
eter, tooth number, and pitch-1 ine-vekeity on 
efficiency at a given load. This moderate to heav 
ily loaded gear set is most efficient with fine- 
pitched, large diameter gears operating at high 
pitch-line velocities. With this method the gear 
designer can now design a gearset for optimum ef- 
ficiency at any operating condition desired. 

fig. 8 shows the predicted power loss for 
three gears designed for the same application. 

Gear L is a standard gear while K and M are both 
high contact ratio gears, but of difference sue. 
From the analysis based on gear desigr K, it is 
possible to design a high contact rat*o gearset 
with an efficiency comparable to a standard gear 
design. 

The finite element method is often used to do 
stress and deflection analysis of gears. A major 
difficulty in the use of the FEM pro.*am$ is suing 
the grid spacing in the reqion of the load. The 
effect of Hertzian deformation contributes up to 
20 percent to the total deflection at the gear con- 
tact point. Research is reported in [16] that re- 
lates to choosing the FEM grid for th»s type of 
problem, in order to properly account for Hertzian 
deflections. 

In [17] a study of the effect of rim thickness 
and fillet radius on gear stresses is reported. 

It was found that compressive stresses opposite the 
loading side of the tooth are most sensitive to rim 
thickness. Partially supported rim c*ars such as 
in lightweight aircraft applications have a de- 
crease in the stress with Increase in rim thick- 
ness, whereas for fully supported rim gears, the 
opposite is true. The root stresses increased witn 
decreasing fillet radius. 

Dynamic Analysis 

A high contact ratio gear dynamic analysis was 
developed to determine the dynamic i?ads, stresses, 
and deflections for spur gears [18]. The analysis 
determines the effect on the gear i::th dynamics 
with various tooth profile modifications, tooth 
spacing errors, system mass, and system damping. 

The analysis was first developed for internal 
and external high contact ratio and standard spur 
gears [19]. The aralysis was expanded to include 
multiple gear meshes and planetary gears with up 
to 20 planets [20]. A computer code was developed 
that determines the gear dynamic loads, stresses, 
and deflections. The code plots the results for 
both single tooth mesh and several t*telh in senes 
to show the effect of tooth spacing jrrors* The 
program is being expanded to include helical gears, 

Spiral Bevel Gear Design 

The surface geometry of circular cut spiral 
bevel gears was developed [21,22]. farlier work 
was done for the "ideal" case of a ■ogarithmi* 
spiral shaped involute tooth [23]. The work is 
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complimentary to the earlier work in that it ail 
dresses the problem of circular cut spiral bevel 
years which are practical to make on existing pro- 
duction machines. 

The emphasis on the tooth surface analysis is 
on determining the principal radii of curvature of 
the surface, the principal radii, which are the 
maximum and minimum radii at the point of contact 
between mating gear teeth are needed to calculate 
contact stress, tooth contact patterns shown in 
Fig. 9, and the elastohydrodynamic lubricant film 
thickness. The formulae and procedures are general 
and well suited to use in computer algorithms and 
specific results are easily obtained by symbolic 
manipulative computer programs. The work specifi- 
cally considers involute, straight, and hyperbolic 
cutter profiles. The results may be used in anal- 
ysis of gear sets such as in the input stage of 
helicopter main rotor gearboxes and tail rotor 
gearboxes. 

Further work was performed to describe spiral 
bevel gear sets with two different mesh contact 
patterns [24], Two different methods give tooth 
contact paths in different directions. One path 
is across the profile direction of the tooth, the 
other is along the length of the tooth. Each con- 
tact path offers certain advantages for increased 
life, better lubrication, and reduced "'Oise and 
vibration. The methods described in f«4l indicate 
approaches to take in further analysis of the im- 
plications of two different geometries. 

G ear Materials 

Several gear materials have been evaluated for 
endurance life on the NASA LeRC Spur Gear Fatigue 
Tester [25]. A comparison of the life of various 
gear materials is shown in Fig. 1C. The Vasco X-2 
has a life statistically equivalent to AIS1 9310 
but has less fracture toughness. The CHS 600 mate- 
rial is somewhat better than A1SI 9310 but also has 
less fracture toughness. The best material tested 
to date is the FX-53 material which has twice the 
life of A 1 b I 9310 and an equivalent fracture tough- 
ness. Shot peening of AISI 9310 gears gave a life 
improvement of 60 percent over the standard gears 
without shot peening [26], This improvement in 
life Is attributed to the subsurface compressive 
residual stress induced by shot peening. 

Gear Lubri cation 

An analysis for into mesh oil jet lubrication 
was performed with an arbitrary offset and inclina- 
tion angle from the pitch point for the cases when 
, the oil jet velocities are less than, equal to, or 
greater than gear pitch line velocity (27,28). 
Equations were developed for minimum and maximum 
(optimum) oil jet impingement depths. The analysis 
includes the minimum oil jet velocity required to 
impinge on the gear or pinion and the optimum oil 
jet velocity required to obtain the maximum Im- 
pingement depth. The best lubrication and cooling 
is obtained with maximum impingement depth when the 
oil jet velocity equals the gear pitch line velo- 
city. Less than optimum gear lubrication and cool- 
ing is obtained at oil jet velocities that are less 


than or greater than the pltih line velocity. In 
addition, the pinion may be completely missed at 
jet velocities that are much lower or much h*yher 
than the pitch-line velocity. Ihese analyses ai 
lows the designer to locate the oil jet*, and opt i 
mize lubrication flow and volume tor maximum effi- 
ciency and, hence, lower heat generation. 

An analysis and computer program called HlSGL 
were developed to predict the variation*, of dynamic 
load. Surface temperature, and lubricant (elastohy 
drodynamic) film thickness along the contacting 
path during the engagement of a pair of involute 
spur qears (29). The analysis of dynamic load in- 
cludes the effect of gear inertia., th*' effect of 
load sharing of adjacent teeth, and the ef fe< t of 
variable tooth stiffnesses winch are obtained by a 
finite-element method. Results obtain*?*; from 
TELSGE for the dynamic load distributions along th** 
contacting path for various speeds of a pair of 
test gears show high loads near the pit'h line 
where pitting failures are observed experimentally. 
Effects of damping ratio, contact ratiL, tip re- 
lief, and tooth error on the dynamic load can be 
examined. A lubricant film thickness analysis for 
the Oh-58 transmission sun-pinion gear set is shown 
in Fig.. 11. 

Gear Noise 

Gear noise in helicopter transmissions is a 
major contributor to the overall noise inside the 
passenger areas of most helicopters. Gear noise is 
a direct result of the deviations in th- 5 gear tooth 
profiles from the true involute form (nr in the 
generalized case, the true conjugate form). It is 
a matter of necessity that the gear profile be al 
tered from the ideal (mathematically) conjugate 
form. This is to provide a compensati ^ effect to 
allow for deflections in the gear support and the 
gear teeth themselves which are caused by the nor- 
mal operating loads. The essence of ncise minimi- 
zation is to balance the noise produce negative 
effects of nonconjugacy with the positive effects 
of desensitizing the gear system to th«*> effects of 
deflections which can cause gear misalignments and 
eccentricities. It is clear that extensive system 
modelling of the gear tooth action, yer* suoport 
stiffnesses, and dynamic, behavior is required in 
order to design gears with the appropriate noise 
compensating tooth profiles. 

One such approach has been completed [3b]. A 
transfer function method for predicting the dynamic 
responses of gear systems with several meshes was 
developed. The model was applied to the NASA spur 
gear fatigue test apparatus* An optimum profile 
modification design method was developed and ap- 
plied to the NASA gear rig, The profile modified 
tier* chart is shown in fig* 12. The NASA test gear 
it shown in Fig. 13. Noise tests and fatigue tests 
to evaluate the performance of the minimum noise 
design will begin in the near future. 

Measurement of the noise with conventional mi- 
crophones to measure sound pressure levels is dif- 
ficult for most gearing installations because of 
the reverberant conditions of the room surrounding 
the gear installations. Greater succes- can be ex- 


3 


ORIGINAL Pftce (3 
OF POOR QUALITY 


pitted from measurements obtained via accelerome- 
ters mounted on the gearbox housinq. However, the 
effect of the radiation mechanism that transfers 
vibrations into sound pressure levels is neglected. 

A method that circumvents this problem has 
been developed 1,31]. The method is based on the 
measurement of acoustic Intensity by tw* closely 
spaced microphones. A robotic acoustic intensity 
measurement system (RAIMS) was designed and con- 
structed to automat# the analysis of sound fields 
Surrounding gearboxes in actual installations 
(Fig. 14) * The acoustic intensity measurement 
method does not depend on having an anochoic cham- 
Per around the gearbox and may be used in the re- 
verberant, multiSGurce noise environment found in 
a typical test cell* The RAIMS system will be used 
in the NASA helicopter transmission test cells and 
in the NASA spur gear test rig for the minimum 
noise gears. 

Noise is related to the kinematic precision of 
gear trains. A theory for the kinematic precision 
of gear trains was developed [32*33]. The kinema- 
tic accuracy defines the actual ratio of input 
speed to output speed for every instant in time 
(fig. 15). The small deviations from the ideal or 
steady ratio are the source of high noise levels 
and large dynamic loads. 

The theory defines kinematic accuracy as a 
function of machine settings used in the gear grinds 
mg process and as a function of gear eccentricity 
and deflections. There are two principles that are 
used to derive the theory. The first is that the 
vector surface normals of the gear teeth must coin-^ 
cide, and the second is that the vector velocity 
of the contact point on each gear tooth must coin- 
cide (Fig. 16). 

Rol l ing-Element Bearings 

The input pinion of main helicopter transmis- 
sion is typically supported on stacks of angular 
contact ball bearings or combinations of ball and 
cylindrical roller bearings (Fig. 17). The use of 
tapered-rol ler bearings for this application should 
eliminate the problems of load sharing and lubrica- 
tion associated with stacked bearing assemblies. 
Additionally, tapered-rol ler bearings are ideally 
suited for the large combined radial and thrust 
loads from the Input bevel pinion. 

Speed limitations on standard tapered-roller 
bearings demand that Suitable modifications and 
careful lubrication be applied for successful oper- 
ation in high-speed pinion applications In this 
program, the performance of commercially available 
tapered-rol ler bearings, modified for high-speed 
operation, was verified both analytically and ex- 
perimentally. The bearing design and the arrange- 
ment of the pinion shaft were selected by computer 
analysis. The bearing selection was verified ex- 
perimentally and an optimum lubrication system and 
flow rates were determined [34J. 

The experimental activity established that 
automotive pinion quality tapered-rol ler bearings 
are capable of reliable operation under load and 


speed conditions anticipated in an advanced heli- 
copter transmission. The conditions m the tests 
(100 percent power) were a shaft speed of 36,000 
rpm (1.3 million ON), a thrust load of 16B3 pounds 
(7041 N) t and a radial load of 723 pounds (3216 N / , 
(ON is a speed parameter equal to the bore of the 
bearing in millimeters multiplied by the shaft 
speed in revolutions per minute.) The computer 
analysis accounted for thermal and mechanical in- 
teractions of the bearings and their environment. 

The predieted life of the selected 33 mm boro 
tapered-rol ler bearing at 60 percent prorated load 
conditions was in excess of tne desired 25GG hours. 

The design and lubrication of large bore {4.75 
in.) tapered-roller bearings for operation at 
speeds up to 2,4 million ON under combined radial 
and thrust loads has been demonstrated [35-3?]* 

The bearing design was computer optimised for high- 
speed operation. Lubricant was supplied to the 
bearing through the shaft and directly to both the 
large end and the small end of the rollers. 

The advanced high-speed bearing ran with less 
heat generation and ran cooler than“the baseline 
bearing to which it was compared as shown in Fig. 

18. It also was capable of higher speed operation; 
20,000 rpm as opposed tu the 15,000 rprr limit on 
the baseline design bearing. Four of the advanced 
design bearings made of CBS-1Q00M material ran to 
24 times rated catalog life without failure. 

The high-speed bearing was designed for lower 
stress and heat generation in the critical contact 
of the roller large end and the cone rib. The 
baseline bearing was only modified to *upply lubri- 
cant to this critical contact. 

Predictions by the computer program CYotAN, 
for cylindrical roller bearing analysis, have been 
verified with experimental data [38,39]. The ex- 
erimental verification was conducted with llB-mm 
ore cylindrical roller bearings at speeds up to 
26*600 rpm* Calculated bearing temperatures and 
heat generation agree very well with the experimen- 
tal data. The program also calculates roller dy- 
namics and bearing life considering lubrication and 
thermal effects* CYBEAN is a valuable tool for the 
design and analysis of cylindrical roller bearings 
for difficult and critical application >. 

Spherical roller bearing analysis prediction^ 
by computer program SPHERBEAN have be*n verified 
by experimental data [40]. The program calculates 
roller dynamics, heat generation, temperature, and 
bearing life. It has capability to simulate per- 
formance of a planet bearing in planetary gear 
systems. 

Experimental verification was conducted with 
40-mm bore, double-row, spherical roller bearings 
at speeds up to 19,000 rpm. Predicted temperatures 
Correlated well with experimental meaurements. 
Predicted trends In temperature with tearinq geum 
etry changes were consistent with experimental ob- 
servations. 

The usefulness of SPHfRBEAN was demonstrated 
by its ability to accurately simulate spherical 
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toller bearing performance In convent tonal and 
hi ah -speed ranges. The program can assist in the 
design and analysis of spherical roller bearings 
for difficult applications such as the planetary 
stage of a helicopter main transmission or in 
geared fan or turboprop speed reduction units-, 

Transmi ssions 
J ran sm ission tv a 1 oat ion 

The data in the open literature defining cur- 
rent state-of-the-art transmission technology, 
supported by tests under carefully controlled con- 
ditions, are virtually nonexistent. If changes are 
to he made in gear and bearing technology as ap- 
plied to transmission systems, the effect of this 
technology must be assessed. Hence, the operating 
parameters of current state-of-the-art transmis- 
sions must be evaluated. This would allow improve- 
ments in components and new transmission concepts 
to be quantified with respect to noise, vibration, 
efficiency, stresses, and thermal gradients. 

Four $tat*-of-the-art transmissions are being 
evaluated: (a) the 317-hp OH-68 three planet gear 

transmission, ? b) the 317-hp OH-68 four planet gear 
transmission, (c) th* 3000-hp Sikorsky UH-60A 
transmission, and { d ) the 3000-hp Hoeing UTTAS 
transmission. In addition, three advanced geared 
transmission concepts are being investigated under 
this program: (a) advanced components transmission 

(Fiq. 19), (b) bearingless planetary transmission 
(Fig. 20), and (c) split-torque transmission (Fig. 
21 )* 

These transmissions are being evaluated on the 
NASA Lewis Research Center's 500-hp (fig. 22) and 
3000-hp (Fiq. 23) transmission facilities. These 
facilities are unique in that they can test both 
conventional geared and hybrid (tract.ion/gear) 
transmissions. Initially, these facilities are 
being used to establish baseline information on 
transmissions designed using current state-of-the- 
art design techniques. Advanced analytical tech- 
niques which include those previously discussed 
will be used to examine the many parameters that 
affect the service life, efficiency, noise genera- 
tion, and reliability of these transmissions. 
Further, the experimental results will be used 
either to verify or to modify existing theory and 
computer codes. 

Snrnu of the results of the evaluation of the 
efficiency and operating chararterist ics of the 
31?-hp t three planet, OH-68 transmission are shown 
in Figs. 24 and 26. Fig. 24 shows the baseband 
frequency spectrum of the OH-68 transmission show- 
ing the spiral bevel gear amplitude compared to the 
spur gear amplitude. The noise is traceable to 
tooth MoumaUcal error* It is generally true that 
larger amplitudes of vibration occur at tooth me$h 
frequencies of the spiral bevel gears. This was 
determined from measurements on several different 
transmissions. 

The effect of lubricant type on transmission 
efficiency was determined for 11 different lubri- 
cants in the OH 58 transmission [411. In addition. 


six of the lubricants were tested in th» NA5A gear 
fatigue tester to determine the effe<t id these lu 
hr Hants on gear life. I ig. 26 shows the resulls 
of these tests. Among the 11 different lubricants, 
the efficiency ranqed from 98. 3 to 98.8 percent, 
which is a 60-percent variation relative to the 
losses associated with the maximum efficiency mea- 
sured, Of the six lubricants shown in I ig. 26, 
there was no correlation between efficiency and 
life. The lubricants hud no significan* etfect on 
the vibration signature of the transmission. Ad 
dlt tonal work is being conducted to deft nr the lu- 
bricant chemistry, additive package, and rheoiogi 
cal and physical properties in order t* determine 
which of them affect the results shown. 

Trans mi j^s ion Conc epts 

Based on fundamental research performed in 
mechanical components, an advanced 500-hp transmit 
sion was designed and fabricated (Fig. 19). The 
concept is a high-contact-rat io four planet -qear 
trcnsmission for improved load capacity and life. 
The high-contact-rat io gears are expected to result 
in lower noise and reduced dynamic load,. The mam 
bevel gear has been straddle-mounted to improve 
deflection of the gear mounting, thereby improving 
load sharing in the gear mesh. This, too, is ex- 
pected to result in lower noise and improved life. 
The planetary ring gear has been cantt lever-mounted 
to relieve problems inherent in the ring-qear-to- 
case spline interface. Rolling-element bearings 
will be manufactured from yacyynwinductton«meltea, 
vacuum-arc-remelted (VIM-VAR) AISl M-50 material. 
The VIM-VAR A IS I M-50 will result in longer bearing 
life. The bevel gear set was manufactured from 
ViM-VAR AiSi 9310. The lubrication system is the 
latest technology of positive radial-jet lubru a- 
tion to the sun gear and spline [4?]. This will 
reduce wear and increase the load-carrying capacity 
of the gear set. 

This advanced transmission which w Mgh% 144 lb 
has a weight-to-power ratio of 0.29 lb of transmis- 
sion we i qht per horsepower, as compared with the 
standard 120 1b 317-hp OH-bf transmission of 0.38 
Ib/hp. Preliminary tests have been coMucted with 
the transmission on the 500-hp test stMd. 

The transmission design has been nndified to 
allow for the replacement of the ball tarings with 
tapered-roller bearings. Tapered-rolle^ bearings 
on the output and input transmission shafts offer 
greater load capacity and longer life t lan the ball 
bearings. 

The self-aligning bearingless planetary trans- 
mission (Fig. 20) covers a variety of planetary- 
gear conf igurations, which share the common char- 
acteristic that the planet carrier, or spider, is 
eliminated, as are conventional plant t-ffihunted 
bearfbgi* The bearings are eliminated ?y load 
balancing the gears, which are separated in th** 
axial direction. All forces and reactions are 
transmitted through the gear meshes and contained 
by simple rollingrings. “ The concept wis first 
demonstrated by Curtis Wright Corp. uw »r sponsor- 
ship of the U.S. Army Aviation Researct and I)**vel 
opment Command [43]. The S0(l-hp bearingless plan 
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etary transmission for the NASA program i* being 
designed to be comparable with the Gh^SB baseline 
transmission* The transmission weight-to-power 
ratio is approximately 0.27 Ib/hp. 

A means to decrease the weight-to-power ratio 
of a transmission or to decrease the unit stress 
of gear teeth is by load sharing through multiple 
power paths. This concept is referred to as the 
split-torque transmission [4]. Feasibility studies 
were conducted on two variants of this concept 
(Fig. 21). 

The first variant is in the 500-hp range with 
a single-engine input (Fig. 21(a)); the second is 
in the 3000-hp range with a two-engine input (Fig. 
21(b)). Instead of a planetary-gear arrangement, 
the input power is split into two or more power 
paths and recombined in a bull gear to the output 
power (rotor) shaft. 

Preliminary weight estimates of the split- 
torque concept indicate that the weight-to-power 
ratio Is approximately 0.24 Ib/hp . This concept 
appears to offer weight advantages over conven- 
tional planetary concepts without using high- 
contact-ratio gearing. The effects of incorpora- 
ting high-contact-ratio gearing into the split- 
torque concept is expected to further reduce 
transmission weight. 

A remedy to the speed-ratio and planet number 
limitations of simple, single-row planetary systems 
was devised by A.L, Nasvytis [44]. His drive sys- 
tem used the sun and ring-roller of the simple 
planetary traction drive, but replaced the single 
row of equal diameter planet-rollers with two or 
more rows of stepped, or dual diameter* planets* 
With this new multiroller arrangement , practical 
speed ratios of 250 to 1 could be obtained in a 
single stage with three planet ro^ Furthermore, 
the number of planets carrying the i o -*d in parallel 
could be greatly increased for a given ratio. This 
resulted in a significant reduction in Individual 
roller contact loading with a corresponding im- 
provement In torque capacity and fatigue life. 

To further reduce the size and the weight of 
the drive for helicopter transmission applications, 
NASA Incorporated with the second row of rollers, 
pinion gears In contact with a ring gear (Fig. 26). 
The ring gear is connected through a spider to the 
output rotor shaft. The number of planet-roller 
rows and the relative diameter ratios at each con- 
tact are variables to be optimized according to the 
overall speed ratio and the uniformity of contact 
forces. The traction-gear combination is referred 
to as the hybrid transmission. 

Preliminary tests were conducted with a 500-hp 
low ratio variant of the hybrid transmission (fig. 
26). The transmission, which has a weight-to-power 
ratio of 0*27 and a speed reduction ratio of i7:I t 
could retrofit the OH-58 helicopter. The second 
variant of the hybrid transmission Is referred to 
as the 5QQ-hp high-ratio variant. This transmis- 
sion has a speed reduction of |Ol:|, the Tow-ratio 
hybrid is designed for a speed input of approxi- 


mately 6020 rpm, and the hiuh-ratlo variant is de 
signed for an input speed of approximate ly 36,000 
rpm. Because the transmission can accommodate the 
higher input speed, the 40*lh f 6 1 redi * t ton g»'a» 
box on the engine can be eliminated. Hence, the 
power train weight-to-power ratio can It a* low as 
0.20 Ib/hp. 


Com 1 udjnjj Co mments 

The helicopter, more than any other contem 
porary aerospace or industrial innovation, has 
placed severe performance demands on power trans- 
mission components such as bearings ar d gear^. 

Wei '-designed mechanical components, good materi- 
als, and lubrication systems which ar* integrated 
into helicopter drive train systems t? i make the 
difference between a helicopter** reliable, eco- 
nomic operation and failure, NASA traismissiori 
research is oriented either to advance the state- 
of-the-art in mechanical power transfer technology 
or to add to the fundamental body of knowledge be- 
longing to bearings, gears, lubrication, rolling- 
element fatigue, life prediction, traction phenom- 
ena, .and mechanical power transfer. Transmissions 
studied for application to helicopters in addition 
to the more conventional glared transmissions in- 
clude hybrid (tract ion/qear) , bearingless plane- 
tary, and split torque transmissions. Considerable 
amounts of work are required in these areas to es- 
tablish the validity of analysis and computer codes 
developed to predict the performance, efficiency, 
life, and reliability of these transmissions. 
Real-time data recording, control and analysis for 
transmission testing are available for this purpose 
on the NASA 600-hp and 3000-hp helicopter trans- 
mission test stands. Both test stands are capable 
of testing conventional and traction type helicop- 
ter transmissions. Results of this research should 
provide the transmission designer with analytical 
tools to design for minimum weight anc noise with 
maximum life and efficiency. In addition, the ad- 
vantages and limitations of new and novel drive 
systems as well as the more conventional systems 
will be defined. 


Refere nces 

1* /aretsky, E. V., "NASA Helicopter Transmission 
System Technology Program,” G. K. Fischer, ed., 
Proc., Ad vance d Power Irarismission Technology 
SympQs1u¥ nBgA~CP-22lQ'ri9H2 t ppTT53T. 

2. Nasvytis, A. L. and White, G., "Hi'brid Geared 
Traction Drives,” G. K. Fischer, ed., Proc,, 
Advanced Power Transmission Technology Sympo- 
sium, nas 

3. Folenta, D. J. f "Design Study of Self-Aligning, 
Bearingless, Planetary Transmission,” G. K. 
Fischer, ed., Proc., Advanc ed Power fran smis- 
sion Technology SympusTum .niA^A CP-22IQ.~TgS? t 
pp. Bi-ldb. 


White, G., "Helicopter Transmission with Split 
Torque Gear Conf iguration,” G, K* Fischer* ed* 
Proe., Ad vanced Power Transmissi o n Technology 
Symposium nWSA I'P-PSM. 198?, ppT W-T5TT. 


* 


6 


* 


i 



0f Poc ^ QUALfJY 


idon. L. A., and toy, J. j. , 
KHlat" I it y Moo#* ) for Planetary Gear Trams," 
ASMf paper no. 82-DU-81, 1982. 


6 . 



missions," AHS paper no. RHP-16, 198?. 


7. luiulberg, G. «nd Palmqren, A., "Dynamic Capa 
nty of No 1 1 mg Bearings," ACTA Polytechnica, 
MefBantcal Engineering Series, Vol. 1, No. 3, 


8. LundPerg, G. and Palmgren, A., "Dynamic Capa- 
city of Roller Bearings," ACTA Polytechnica, 
Mechanical engineering Series, Vol. 2, No. 4, 


9. Coy, J. J. , Townsend, D. P., and 2aretsky, 
t. V., "Analysis of Dynamic Capacity of tow 
Contact Ratio Spur Gears Using Lundberg- 
Palmgren Theory," NASA TN D-8Q29, Aug. 1975. 

10. Coy, J. J., Townsend, D. P., and Zaretsky, 

E. V., "Dynamic Capacity and Surface fatigue 
Life for Spur and Helical Gears," Journal of 
Lubrication Technology, Vol. 98, No. 2, Apr. 
1976, pp. 267-276. 


18. Cornell, R . w. and Westerv.il, "|iy-. ,n ,, |„„it, 
load and Stressing tor High ( uni a. I Run.. 
Gears," Journal of Mechanical Desit ., vm. lOD. 
No. 1, Jan. 19/8, pp. 69 76. 

19. Cornell, R. H,, "Compl lane e and *.t r >•% •, ‘.ensi 
tlvity of Spur Gear Ireth," Journal ot Me. run 
ical Design, Vol. Hu, ho. 2, Apr. 1981, pp. 
447-469. 

20. Pike, J. A., "Interallied Multiple Spur Gear 
Mesh Dynamic load Program," hASA l.r 16SC14, 


?1. Huston, R. L. an.) Coy, J. J., "Surface Geometry 
of Circular Cut Spiral jl*jye| Gears, " Juurnul of 
Mechanical Design, Vol, 104, ho. 4. Qct. 1982, 
pp. 743-748. 

22. Huston, R. L., Lin, Y., and Coy, J. J., "Tooth 
Profile Analysis of Circular Cut Spiral bevel 
Gears," ASME paper no. P?-DtT-79, 1382. 

?3. Huston, R , and Coy, J "Ideal »iral Bevel 

Gears - A hew Approach to Surface G-ometry," 
Journal of Mechanical Design, Vol. 103, ho. 1, 
Jan. 1981, pp. 1??-133. 


11. Coy, J. J., Townsend, D. P., and Zaretsky, 

£. V., "An Update on the Life Analysis of Spur 
Gears," G. K. Fischer, ed., Proc., Advanced 
Power Transmission Technology Symposium, NASA 
CP-2210, 198?, pp. 421-433. 


12. Savage, M., Coy, J. J., and Townsend, 0. P., 
"Optimal Design of Standard Gear Sets," G. K. 
Fischer, ed., Proc,, Advanced Power Transmis- 
sion Technol ogy Symp osium, 
pp. 43'S-m 


13. Savage, M., Coy, J. J., and Townsend, D. P., 
"Optimal Tooth Numbers for Compact Standard 
Spur Gear Sets." Journal of Mechanical Design, 
Vol. 104, No. 4, Oct. 1982, pp. 749 to 758. 


14. Savage, M., Coy, J. J., and Townsend, 0. P., 
"The Optimal Design of Involute Gear Teeth 
with Unequal Addenda, NASA TM 82866, 1982. 


15. Anderson, h. E. and Loewenthal, S. H., "Effect 
of Geometry and Operating Conditions on Spur 
Gear System Power Loss," Journal of Mechani- 
cal Design, Vol. 103, No. 1, Jan. 1981, pp. 
151-159. 


16. Coy, J. J. and Choo, C. H. , "A Method of 
Selecting Grid Size to Account for Hertz De- 
formation in finite Element Analysis of Spur 
Gears," Journal of Mechanical Design, Vol. 104, 
No. 4, Oct. 1982, pp. 759-766. 


17. Chang, S. H., Huston, R. L., and Coy, J. J., 

A Finite Element Stress Analysis of Spur Gears 
Including Fillet Radmi and Rim Thickness Ef- 
fects." ASME paper no. 82-WA/DU35, 1982. 


24. Litvin, i, l.. Coy, J. i., and Rahman, P., "Two 
Mathematical Models of Spiral beve^ Gears Ap= 
plied to Lubrication and fatigue life," JSME, 
lETUMM, ASME am; JSPE Trans., Internet icrnal 
b/mposium on bearing drhi Pow4*r~Trar yiifksTon**. 
VuT. TYTepT T9S1, «?. 2BI-2B6. — 

lentil' °'rt‘ 30(1 /ar, ‘ t ^y, E. V., "Endurance 

«“• *. 

26. Townsend, 0. P. and Zaretsky, E. V., "Itfeit of 
Shot Peening on Surface fatigue Lit • of ( arbor- 
ized and Hardened AI5I 9310 Spur Gtars." NASA 
TP 2047, 1982. 

27. Akin, L. S. and Townspnd, D. P., "Into Mesh 
Lubrication of Spur Gears With Aroitrary offset 
Oil Jet - Part I, for Jet Velocity -ess Than or 
Equal to Gear Velocity," NASA TM 8304U, 1982. 

28. Akin, L. S. and Townsend, D. P., "Into Mesh • 
Lubrication of Spur Gears Hith Arbitrary Offset 
Oil Jet - Part II, For Jet Velocity Equal to or 
1982 tef Th<n Gear Ve,nclt **" NAiA 83041, 

29. Nang, K. t. and Cheng, ||. S., "A (onputer (ode 

for Performance of Spur Gears." G. K. Fischer, 
ed., Proc., Advanced_Power Transmission Teth- 
^q^Sjflngosh^, NASA l P-/?'l6,"I$hl, pjH 

30. Mark, H. D. , "Ihe Trans<er function Method for 

Gear System Dynamics Applied to Conventional 
and Minimum Excitation Gearing Des uns." NASA 
eR 3626, 1982, * a ** ‘ 


7 



ORIGINAL- PAGc IS 

OF POOR QUALITY 



U. Horse, I. et al,, "Design of a Robotic 
Acoustic Intensity Measurement System." Pres- 
entation, Ui4th Mta. Acoustical Society of 
America, Orlando, FA, 198?. 

32 . Litvin, f. L., Goldrlch, R. N., Coy, J. J,, and 
Zaretsky, E. V., "Kinematic Precision of Gear 
Trains," ASME paper no. 82-WA/QE-34, 198?. 

33. Litvin, F. L., Goldrlch, R. N., Coy, J. J., and 
Zaretsky, E. V., "Precision of Spiral Bevel 
Gears," ASME paper no. S2-HA/DE- 33, 198?. 

34. Morrison, F. R., Gassel. S. $., and Bovenkerk, 
R. L., "Development of Small Bore, High Speed 
tapered Roller Bearing," NASA CR 165375, 1981. 


Roller Bearings," G. K. Fisc...., ..... 

Adv anced Po we r Tran smission Technology Sympo- 
sium fTAW r?-??10,~r9B7 , pp. 20T770. 


Flscher, eo., Proc., 


39. Coe, H. H. and Schuller, F. T., "Calculated and 
Experimental Data for a 118-mm Bore Roller 
Bearing to 3 Million ON," Journal of Lubrica- 

P?° n ?74 C ?83 ° 9y ’ WUl " 1,i3 ‘ N °* ** Apr ‘ 


40. Kleckner , R. J. and Dyba, G,, "High Speed 

Spherical Roller Bearing Analysis and Compari- 
son With Experimental Pt rfomiance," G. K. 
r..., ... Proc., Advanced Power Transnis- 

, nasa n r -? 7 iD,nrenr, pp. — 


sion Symposium 


sion iymp 

m^iwr 


36. Parker, R. J. , "Large-Bore Tapered-Roller 
Bearing Performance and Endurance to 2.4 Mil- 
lion DN," G. K. Fischer, ed., Proc., Advanced 
Power Transmission Technology Symposium. NASA 
CF-JJ16, 1962. pp. 253-2W. 

36. Parker, R. J., Pinel, S. I., and Signer, H. R., 
"Lubrication of Optimlzed-Oesign Tapered-Roller 
Bearings to 2.4 Million ON," NASA TP 1714, 

1980. 

37. Parker, R. J. and Signer, H. R., "Lubrication 
of High-Speed, Large-Bore Tapered-Roller Bear- 



38. Coe, H. H. , "Predicted and Experimental Per- 
formance of Large-Bore High-Speed Ball and 


41. Mitchell, A. M. and Coy, J. J., "Lubricant Ef- 
fects on Efficiency of a Helicopter Transmis- 
sion," NASA TM 82857, 198?. 

42. Akin, L. S., Mross, J. J., and Towi.send, 

0. P., Study of Lubricant Jet flow Phenomena 
in Spur Gears," Journal of Lubrication Tech- 
nology, Vol . 97, No. 2, Apr. 1975. pp. 283-288, 

43. DeBruyne, N. A., "Design and Development Test- 
ing of Free Planet Transmission Concent. 
USAAMRDL-TR-74-27, 1974. 

44. Nasvytis, A. L., "Multiroller Planetary Fric- 
tion Drives," SAE paper no. 660763, Oct. 1966. 


8 






NUMBER OP PINION TEETH 



Figure 5. -Design space for 

MINIMUM CENTER DISTANCE 
SPACING IN SPUR GEARS. 


original riwris 

OF POOR QUAv H i 



PINION PITCH OIA, CM 


lOO.Ol 


16 
01 AM 
1“ PITCH 


>- 

u 


Ml 

U 


99. Or 


96.0 


1.6-. 3.2? 


, 6.3-, 


PITCH CINE 
VIL, M/SEC 


-20.3-5. VI. 3 



Figure 7. -Fi-fect of pinigp diameter. 

DIAMETRAL PITCH# AND PITCH LINE 
VELOCITY ON GEARSET EFFICIENCY AT A 
^FACTOR OF 300i RATIO# 1.0; PRESSURE 
ft N c LE /i.?2* ; P,Nt0N HIDTH/OEPTH RATIO. 
0.5; LUBRICANT VISCOSITY# 30 CP. 


10 



I 

¥ 


LEGEND 

. L-STANUARD- SM SIZE 

• K-HIGH CR- SM SIZE 

♦ M-HIGH CR- LG SIZE 






ORIGINAL Pi'.Gc If. 
OF POOR QUALITY 


. UK Hi/ 


r 


i 


*/» 
U 1 
»*4 

■" 

1 X 


.(XKKKij 

! 

. 0000 !) 


.00UU4f- 
2 ! 

* I 


i I M NO 

l O/M) I MW i us 
LOAD WHO | |v, 
I QAM 4880 l lit. 


\/ 


••v 


* .CX)004 


"" 


-.te' -.As "".hs “Aa \io 

CONTACT POSITION f tN> 


rimiRr n. -oh-sb sun & planctaky giar 

ANALYSIS, HIM IHICKNLSS VS. CONTACl 
I’O'., I II ON , 


&I 0 ' J 

r 7»io * 



ROLL AN6LF* Of 5 



I IGHKI 1r*. -I’NOl III Moll 1 1 l( Al ION I OR 
M I N I Ml / A I ION 01 VlhKAIION f At I I A 1 ION. 


I U 'Kl 13. NASA II SI SPUR Gl AR, 
3 . I M il !'|t, H 1*1 Wi, ,’8 ILL!!! 



GEAR LAC- ANGLE 







ORIGINAL 15 

OF POOR QUALITY 



Figure 17. -Tapered-roller bearings replace ball ano 
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Figure 20. -Self aligning bearingless 
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